The mechanisms that control protein transport between the endoplasmic reticulum (ER) and the Golgi apparatus are poorly characterized in plants. Here, we examine in tobacco leaves the structural relationship between Golgi and ER membranes using electron microscopy and demonstrate that Golgi membranes contain elements that are in close association and/or in direct contact with the ER. We further visualized protein trafficking between the ER and the Golgi using Golgi marker proteins tagged with green fluorescent protein. Using photobleaching techniques, we showed that Golgi membrane markers constitutively cycle to and from the Golgi in an energy-dependent and N -ethylmaleimidesensitive manner. We found that membrane protein transport toward the Golgi occurs independently of the cytoskeleton and does not require the Golgi to be motile along the surface of the ER. Brefeldin A treatment blocked forward trafficking of Golgi proteins before their redistribution into the ER. Our results indicate that in plant cells, the Golgi apparatus is a dynamic membrane system whose components continuously traffic via membrane trafficking pathways regulated by brefeldin A-and N -ethylmaleimide-sensitive machinery.
INTRODUCTION
After translocation into the endoplasmic reticulum (ER), most proteins exported for secretion must pass through the Golgi apparatus before reaching their final destination within the secretory pathway. Despite great strides in understanding the molecular and organizational properties of the secretory pathway in animal cells (Rothman and Wieland, 1996; Schekman and Orci, 1996; Barlowe, 2000; LippincottSchwartz et al., 2000) , comparable information on secretory transport pathways in plant cells is only just emerging . Genome analysis (Andreeva et al., 1997) and biochemical/immunological studies (Pimpl et al., 2000; Phillipson et al., 2001; Ritzenthaler et al., 2002) have shown that components of the COPI and COPII coat systems (Schekman and Orci, 1996; Barlowe, 2000) , which are proposed to function in vesicle transport in animal cells (Rothman and Wieland, 1996) , operate in protein trafficking steps in plant cells. For example, GTPase-deficient mutants of Sar1, Rab1, and ARF1 have been shown in plant cells to act as trans -dominant negative inhibitors of protein transport (Andreeva et al., 2000; Batoko et al., 2000; Takeuchi et al., 2000; Phillipson et al., 2001) . Moreover, immunogold labeling of cryosections has shown that COPI and ARF1 are localized to small vesicles surrounding or budding from cisternae at the cis face of the Golgi apparatus in plant cells and that the binding of these proteins is sensitive to brefeldin A (BFA) (Pimpl et al., 2000; Ritzenthaler et al., 2002) .
Despite the similarities in the secretory trafficking machinery of plants and animals, the behavior of secretory organelles such as the ER and the Golgi is dramatically different in the cells of these two kingdoms. In vivo imaging of leaf tissue has revealed an intimate relationship between the ER and the Golgi in these cells (Boevink et al., 1998; Saint-Jore et al., 2002) . Golgi stacks were found to move rapidly and extensively along the ER, with an actomyosin system propelling the Golgi stacks along the ER network (Boevink et al., 1998; Nebenführ et al., 1999) . A variety of models have been proposed to explain how ER-to-Golgi protein transport occurs under these conditions. One proposal is that the rapid Golgi movement in plant cells allows the Golgi to continually collect vesicles budding from the ER (the vacuum cleaner model; Boevink et al., 1998) . In this view, vesicles are thought to bud out from the ER, so Golgi bodies must continually move to collect them.
A second model is that Golgi stack movement allows the Golgi to move between fixed ER exit sites (the stop-and-go model; Nebenführ et al., 1999) . In this view, cargo collection would occur only when Golgi stacks stop at ER exit sites, possibly after transient detachment from actin. A third possibility is that Golgi movement represents the movement of both ER and Golgi stacks that behave as one dynamic system, either through direct membrane continuities or through continuous vesicle or tubule formation/fusion reactions. Golgi movement in this model would represent the dynamic movement of the secretory apparatus itself, allowing cargo to be delivered throughout the plant cell. A close opposition between ER export sites and the Golgi apparatus has been indicated in Pichia pastoris and mammals (Rossanese et al., 1999; Hammond and Glick, 2000) .
These findings, and the accompanying models they have produced, have led to an intense interest in characterizing ER/Golgi trafficking in plant cells. The development and application of green fluorescent protein (GFP) technology has provided an important new approach to the characterization of protein trafficking pathways in living cells (LippincottSchwartz et al., 2000) . GFP can be fused with a native or foreign cellular protein, or targeting peptide. When expressed in living cells, these proteins allow direct visualization of the behavior of their target organelles (for review, see Hawes et al., 2001; Lippincott-Schwartz et al., 2001 ). Furthermore, photobleaching techniques allow the movement of GFP-tagged proteins between and within organelle(s) to be studied (Ladha et al., 1996; Lippincott-Schwartz et al., 2001) .
In this study, we used electron microscopy and GFPbased techniques to gain insight into the relationship of ER and Golgi bodies and the protein-trafficking pathways that operate between them in plant cells. GFP chimeras targeted to the ER/Golgi system in Nicotiana leaf tissue cells were used in time-lapse imaging and photobleaching experiments to study the trafficking pathways between the ER and the Golgi and the role of energy-dependent, BFA-sensitive, and N -ethylmaleimide (NEM)-sensitive factors in these pathways.
RESULTS

Localization of AtERD2-GFP and ST-GFP in Golgi and ER Membranes of Plant Cells
To visualize ER and Golgi membranes in plant cells, we transiently transformed tobacco leaf epidermal cells with GFP spliced to the Arabidopsis HDEL receptor homolog (AtERD2-GFP; Saint-Jore et al., 2002) or to the signal anchor of a rat sialyl transferase (ST-GFP; Batoko et al., 2000; Saint-Jore et al., 2002) . ST-GFP-and AtERD2-GFP-expressing cells both showed small fluorescent punctate structures when viewed by confocal fluorescence microscopy ( Figures 1A and 1B) . These structures have been identified previously as individual Golgi stacks based on immunogold and immunofluorescence labeling (Boevink et al., 1998; Saint-Jore et al., 2002) . At high magnification, many of the Golgi stacks/bodies showed dim fluorescent projections or tails ( Figures 1C and 1D, arrows) . In addition to labeling Golgi stacks, the chimeras were present within ER membranes. The ER pool of AtERD2-GFP ( Figure 1B ) was much greater than that of ST-GFP, and it distributed as an elaborate polygonal network that was associated closely with Golgi stacks. In time-lapse sequences, the Golgi stacks visualized by ST-GFP ( Figures 1E to 1H ) or AtERD2-GFP (Figures 1I to 1L) alternated between random saltatory and directional movements in the cortex of the cells, as described previously (Boevink et al., 1998; Batoko et al., 2000;  see also movies at http://www.brookes.ac.uk/schools/bms/ research/molcell/hawes/gfpmoviepage.html).
To confirm that ST-and AtERD2-protein fusions target the same population of Golgi stacks, an AtERD2-yellow fluorescent protein fusion (AtERD2-YFP; Figure 1N ) was coexpressed in the same cells as the ST-GFP fusion ( Figure 1M ), and all of the Golgi stacks were labeled ( Figure 1O ).
Relationship between Golgi Stacks and the ER
Previously, Boevink et al. (1998) described the movement of Golgi stacks over the cortical ER network in tobacco leaves. We performed high-resolution time-lapse imaging of AtERD2-GFP expressed in a leaf trichome of Nicotiana clevelandii (Figure 2 ) to study in more detail the intimate relationship between Golgi stacks and the ER. Golgi stacks frequently were found associated with the three-way junctions of ER tubules, where they often remained stable for tens of seconds. Occasionally, individual stacks appeared to break free from the cortical ER network and traverse the cytoplasm before rejoining the network (Figure 2A , arrows). These Golgi stacks often appeared to have a short tail of tubular membrane trailing behind them, as if a small portion of the ER was still attached (Figure 2A, arrows) . Likewise, Golgi bodies could break free from the ER and be propelled unidirectionally ( Figure 2B , arrow) only to be followed by the growth of an ER tubule following exactly the same trajectory ( Figure 2B , large arrow). These findings suggest the Golgi stack movement and ER remodeling are related processes.
The continuous close association of the Golgi with the ER observed by fluorescence microscopy led us to investigate at the ultrastructural level the spatial relationship of these two organelles. We used a zinc iodide/osmium tetroxide fixation protocol (Hawes et al., 1981) to selectively stain the ER and the Golgi (Figure 3) . A gradient of staining of Golgi (E) to (H) Golgi stacks appear highly mobile. In an epidermal cell expressing ST-GFP, the color of two Golgi bodies has been digitally superimposed with pink and white to allow their movement to be followed within a cell in a time lapse. Time is expressed in seconds at the bottom left of each frame. Bar ϭ 5 m. (I) to (L) Time lapse of a tobacco epidermal cell transformed with AtERD2-GFP near a pair of untransformed guard cells ([I] , arrowhead). The color of three Golgi bodies has been digitally superimposed with white, yellow, and pink to allow the movement of the stacks to be followed within the cell. Time is expressed in seconds at the bottom left of each frame. Bar ϭ 5 m. stacks was found to arise under these conditions, with the heaviest stain at the forming ( cis ) face and weakest stain at the maturing ( trans ) face (Juniper et al., 1982) . In face view, cisternae toward the cis face in epidermal leaf cells showed fenestrated margins from which thin tubular extensions emanated ( Figure 3A ). These tubules appeared to be in close contact with the ER ( Figure 3A ). In the more traditional cross-sectional view, direct connections between ER and Golgi cisternae toward the cis face of the stacks was observed ( Figures 3B to 3C, arrows) . Whether such connections are permanent or transient remains to be established. Their existence, however, implies that protein traffic between these two organelles may not need to occur by vesicle carriers.
Actin-Dependent Movement of Golgi Bodies along the ER
Previous work has shown that in stained plant tissue, Golgi bodies are associated with actin based on their codistribution with rhodamine-phalloidin (Boevink et al., 1998; SaintJore et al., 2002) . This observation, together with other work (Nebenführ et al., 1999) , has suggested that actin plays an important role in directing the movements of Golgi bodies along the ER. Consistent with this notion, we used timelapse imaging experiments of tobacco epidermal cells coexpressing GFP fused to the actin binding region of mouse talin (talin-GFP) and ST-YFP and found that Golgi bodies moved along actin cables ( Figures 4A to 4D ). Moreover, Golgi bodies halted their movement upon the addition of actin-depolymerizing agents such as latrunculin B, which dispersed the talin-GFP into the cytoplasm ( Figures 4E to 4H) . In AtERD2-GFP-transformed cells, Golgi bodies halted on small islands of lamellar ER formed at the junctions of the ER tubules ( Figures 5D to 5F ).
Golgi bodies did not always coalign with cortical microtubules when ST-GFP and tubulin-GFP (Ueda et al., 1999) were coexpressed ( Figures 4I to 4L) , again confirming the results from immunolabeling studies of ST-GFP-expressing cells (Saint-Jore et al., 2002) . Moreover, disruption of microtubules using colchicine had no effect on the distribution and movement of Golgi bodies ( Figures 4M to 4P ), indicating that Golgi movement was not dependent on microtubules, as shown previously (Satiat-Jeunemaitre et al., 1996b; Nebenführ et al., 1999) .
Constitutive Cycling of Golgi Proteins in and out of Golgi Bodies
Our ability to stop the directional movement of Golgi structures by latrunculin B treatment allowed us to investigate the extent of protein cycling of ST-GFP and AtERD2-GFP in and out of Golgi bodies using photobleaching recovery techniques. In these experiments, we selectively photobleached a single Golgi body and then monitored recovery into the bleached structure over time. A significant recovery indicates that the bleached molecules are exchanging with fluorescent pools of the protein localized in other parts of the cell. A lack of significant recovery indicates that the fluorescent molecules are stably associated with the Golgi structure and not undergoing significant cycling. As shown in Figures 5A to 5F, both ST-GFP and AtERD2-GFP showed rapid recovery into a photobleached Golgi body in cells treated with latrunculin. In both cases, fluorescence recovered to 80 to 90% of the prebleach level within 5 min. These results indicate that neither ST-GFP nor AtERD2-GFP is stably associated with the Golgi complex. Instead, they undergo continuous movement in and out of Golgi structures, presumably using membrane transport pathways that connect the Golgi with the ER. The data further imply that the movement of Golgi bodies along the surface of the ER is not necessary for the delivery of proteins from the ER to the Golgi, as suggested in the vacuum cleaner model for secretory transport in plants (Boevink et al., 1998) .
Previous work examining Golgi protein cycling between the Golgi and the ER in mammalian cells has indicated a role for microtubules in providing tracks for the transport of membrane-bound intermediates from the ER to the Golgi (Cole et al., 1996; Presley et al., 1997) . The fact that Golgi elements are closely opposed to the ER in plant cells raises the possibility that microtubules may not be important for protein trafficking between the Golgi and the ER in these cells. Consistent with this possibility, we found that when microtubules were depolymerized with colchicine in latrunculin B-treated cells expressing AtERD2-GFP and ST-GFP, no change in the rate of recovery into a photobleached Golgi body was observed compared with that in latrunculin B-treated cells alone (Figures 5G to 5L and 6A) . Thus, in plant cells, neither intact actin nor microtubule elements are necessary for the rapid membrane cycling of ST-GFP and AtERD2-GFP between the Golgi and the ER.
Proteins with Different Golgi Locations Cycle in and out of Golgi Bodies at Identical Rates
AtERD2-GFP and ST-GFP have been shown to localize to different regions within the Golgi stack. AtERD2-GFP (in the expression system of Potato virus X ) localizes to all Golgi cisternae, whereas ST-GFP in this system or in Arabidopsis exhibits a greater concentration in medial and/or trans cisternae (Boevink et al., 1998; Wee et al., 1998) . To determine whether proteins with different Golgi subdistributions have different Golgi residency times, we quantified the recovery rates after photobleaching individual Golgi bodies in latrunculin B-treated cells expressing AtERD2-GFP or . No significant difference in the half-times for recovery was observed between these two proteins. This suggested that the differences in steady state, intra-Golgi distribution of AtERD2-GFP and ST-GFP were not related to the speed of cycling of these proteins in and out of Golgi elements.
To determine if the rate of cycling of a Golgi protein is dependent on its glycosylation status, we photobleached Golgi bodies in cells expressing a glycosylated form of ST-GFP (ST-N-GFP; Batoko et al., 2000) . ST-N-GFP differs from ST-GFP by the presence of 10 additional amino acids, including an N -glycosylatable Asn. The 3-kD increase in molecular mass of ST-N-GFP compared with ST-GFP confirms the presence of the Asn-linked carbohydrate chain on ST-N-GFP (data not shown). Despite this difference, ST-N-GFP exhibited the same recovery rate into a photobleached Golgi body in cells treated with latrunculin B to block Golgi movement ( Figure 6A ). Thus, whether a Golgi protein is glycosylated or not does not appear to affect its rate of cycling in and out of Golgi elements.
Effect of ATP Depletion and NEM on Golgi Protein Cycling
To begin to address the mechanistic basis for the rapid cycling of ST-GFP and AtERD2-GFP in and out of Golgi structures in plant cells, we examined the effect of ATP depletion and NEM treatment on this process. Both ATP depletion and NEM treatment have been shown previously to block protein trafficking between the Golgi and the ER (Orci et al., 1991) . The basis for these effects is not understood entirely, but ATP depletion is thought to act by disrupting the assembly of membrane coat proteins (Aridor and Balch, 2000) , whereas NEM (a protein Cys cross-linker) interferes with the activity of NEM-sensitive fusion protein, a homotrimer that mediates membrane fusion (Whiteheart et al., 1994) . Within 40 min of treating transiently transformed epidermal cells with sodium azide and 2-deoxyglucose to deplete ATP levels, Golgi stacks stopped moving along the ER network. This phenomenon was reversible upon washout of the drugs and addition of Glc for 60 min (data not shown). When individual Golgi stacks labeled with AtERD2-GFP were photobleached in ATP-depleted cells, no fluorescence recovery was observed (Figures 6C and 7A to 7C) .
NEM was found to inhibit Golgi movement within 10 min of treatment. Likewise, individual Golgi stacks labeled with AtERD2-GFP in NEM-treated cells ( Figures 7D to 7F ) did not recover after photobleaching. Similar results were observed for ST-GFP in fluorescence recovery after photobleaching experiments performed in ATP-depleted or NEM-treated cells (data not shown).
Effect of BFA on Golgi Protein Cycling
BFA is a fungal metabolite that in mammalian cells causes proteins of the COPI complex and ARF1 to dissociate from Golgi membranes and causes Golgi enzymes to redistribute into the ER (Donaldson et al., 1992) . In plant cells, the effects of BFA are variable, and BFA molecular targets are still under discussion (Ritzenthaler et al., 2002; Saint-Jore et al., 2002) . However, in many plant cells treated with BFA, Golgi proteins redistribute into the ER (Figures 8A and 8B) .
To investigate the early effects of BFA on Golgi protein cycling in plant cells, we photobleached Golgi bodies labeled with ST-GFP and AtERD2-GFP in epidermal cells after the addition of BFA and before these proteins had redistributed into the ER (which occurs within 1 h of treatment). As in previous experiments, it was necessary to inhibit Golgi body movement with actin-depolymerizing agents before adding BFA. Strikingly, no fluorescence recovery into photobleached Golgi bodies labeled with AtERD2-GFP ( Figures  8C to 8E ) or ST-GFP (data not shown) was observed.
To confirm that the absence of recovery into the Golgi bodies was not caused by BFA-induced redistribution of the Golgi proteins into the ER during the recovery period, we simultaneously transformed epidermal cells with AtERD2-cyan fluorescent protein (CFP) and AtERD2-YFP or with ST-YFP and ST-CFP. We selectively photobleached YFP with the 514-nm laser line of the confocal microscope to follow the recovery of this fluorochrome and simultaneously imaged CFP for 5 to 10 min after bleaching. Cells cotransformed with AtERD2-CFP and AtERD2-YFP showed both labels in the same population of Golgi bodies. In cells treated with latrunculin B alone, photobleaching of YFPlabeled Golgi bodies was followed by the recovery of YFP fluorescence with no change in CFP fluorescence ( Figures  8F to 8H ). By contrast, in cells treated with latrunculin B and BFA, 40% of YFP-labeled Golgi bodies (100 Golgi stacks were sampled) that were bleached failed to recover despite the persistence of CFP labeling ( Figures 8I to 8K ). The same experimental procedure performed in cells expressing ST-CFP and ST-YFP showed a 50% recovery of 126 Golgi stacks sampled ( Figures 8L to 8N ). These results suggest that BFA can block transport into the Golgi of constitutively cycling Golgi proteins without blocking their retrograde transport back to the ER.
DISCUSSION
In this study, we investigated the dynamic aspects of the plant cell secretory pathway by the application of noninvasive fluorescence recovery after the use of photobleaching technology on GFP-labeled Golgi bodies.
Fluorescent Protein Constructs Confirm a Close Physical and Mechanical Relationship of the Golgi with the Actin Cytoskeleton but not with Microtubules in Vivo
Golgi bodies align with actin cables, as shown in epidermal cells coexpressing fluorescently labeled actin and Golgi previous use of actin-disrupting agents (Boevink et al., 1998; Nebenführ et al., 1999) . Here, the actin-disrupting agents were found to release talin-GFP into the cytoplasm, consistent with the depolymerization of the actin cytoskeleton. Under these conditions, Golgi bodies stop their directional movement, demonstrating that Golgi movement is actin dependent, as reported previously (Boevink et al., 1998; Nebenführ et al., 1999) . Moreover, the association of Golgi bodies with the ER is not actin dependent, because no ER-detached Golgi bodies are seen in the cytoplasm.
In epidermal cells expressing fluorescent tubulin and Golgi-targeted protein, Golgi stacks do not align tightly with microtubules as they do with actin, as shown by immuno- bodies, confirming the result from fixed and rhodaminephalloidin-stained GFP-expressing epidermal cells (Boevink et al., 1998) . A similar labeling of actin in a range of plant tissues using GFP fused to the mouse talin actin binding site colocalizes exactly with the actin cytoskeleton, as revealed by rhodamine-phalloidin labeling, and is not detrimental to cell morphology or function (Kost et al., 1998) . The in vivo leaf pattern was similar to that described previously in N. clevelandii epidermal cells that were virally transformed with AtERD2-GFP and labeled with rhodamine-phalloidin (Boevink et al., 1998) . In our time-lapse experiment ( Figures  4A to 4D) , we showed that Golgi bodies not only align on, but also move over, the actin cables, as predicted by the cytochemistry on Bright Yellow 2 (BY2) cells (Saint-Jore et al., 2002) . Moreover, disruption of the microtubule cytoskeleton does not inhibit Golgi directional movement, as reported for BY2 cells (Nebenführ et al., 1999) . Thus, the organization of the plant endomembrane system differs significantly from that in animal cells, in which Golgi structures associate closely with microtubules rather than actin (Cole et al., 1996; Hawes et al., 1999) .
Movement of the Golgi Is Not a Requirement for Membrane Protein Transport
Nicotiana leaf epidermal cells expressing AtERD2-GFP to label the ER and the Golgi showed Golgi stacks moving over the cortical ER network, as reported previously for GFPGolgi proteins (Boevink et al., 1998) . This is the most common situation; occasionally, however, Golgi bodies are seen to break free from the ER and may even drag behind them what appear to be short tails of ER ( Figures 1C, 1D , and 2). Even then, Golgi bodies reassociate with ER strands. This close association of the ER with the Golgi apparatus suggests that the dynamics of ER modeling may be related closely to Golgi movement. High-resolution imaging of this movement showed that Golgi bodies moved in a stop-andgo manner. Interestingly, the Golgi stacks often were stationary at the three-way junctions of ER tubules. When we examined Golgi bodies in these cells by electron microscopy, we found that they were in close vicinity to the ER, which often showed what appeared to be direct continuity with Golgi stacks. This raised the possibility that Golgi bodies might continually receive cargo from the ER, irrespective of Golgi movement, and that this occurred via the ER in intimate and continual contact with individual Golgi stacks.
To test this possibility, we examined the effect of blocking Golgi movement on protein trafficking between the ER and the Golgi. In cells whose Golgi structures were immobile as a result of latrunculin B treatment, we found that AtERD2-GFP and ST-GFP showed no change in steady state distribution in the ER and the Golgi. More importantly, these proteins were found to undergo rapid cycling in and out of Golgi bodies. Evidence for this was obtained from photobleaching experiments. Selective photobleaching of a single Golgi body resulted in rapid fluorescence recovery. This occurs only if nonbleached molecules in the surrounding ER continually exchange bleached molecules in the Golgi, because photobleaching induces an irreversible loss of GFP fluorescence. Rapid fluorescence recovery was observed for all Golgi bodies that were photobleached, which indicates that cycling is not limited to a subset of Golgi structures but is a general property of all Golgi bodies.
These results show that the movement of Golgi stacks is not functionally coupled to protein trafficking between the ER and the Golgi in plant cells. However, we cannot exclude the possibility that the recovery of Golgi fluorescence would be faster during movement in the presence of an intact actin/microtubule cytoskeleton. Photobleaching experiments to precisely determine the cycling rate of GFP markers in cells that have not had their actin/microtubule cytoskeletons disrupted can confirm this, although it is difficult to monitor individual Golgi stacks under these conditions because they move so rapidly. In this view, the vacuum cleaner model for cargo transfer to the Golgi cannot be dismissed completely, because ER-to-Golgi protein transport may be more efficient during Golgi movement.
In the absence of the cytoskeleton, Golgi bodies may stop only on areas of the ER that have the capacity to export proteins (i.e., putative export sites). Similarly, the whole surface of the ER may be export competent, and the movement of ER membranes underneath the Golgi may be responsible for delivering cargo and membrane to the Golgi bodies. Another possibility is that both specialized ER export sites and Golgi stacks move together as one dynamic system, either through direct membrane continuities or through continuous membrane budding/fusion reactions. In this model, Golgi movement could be attributed to the need for cargo to be delivered throughout the plant cell.
The rapid AtERD2-GFP and ST-GFP cycling between the Golgi and the ER in latrunculin B-treated cells whose Golgi structures are immobile is likely to occur via specialized close connections between Golgi structures and nearby ER, rather than through random and continuous vesicle budding from the ER. This is because no vesicles or vesicle clouds enriched in GFP could be resolved in the cytoplasm as a result of the inhibition of Golgi motility. However, such "free" vesicles would be predicted to accumulate if vesicles carrying AtERD2-GFP to the Golgi normally bud from all over the ER (thereby requiring Golgi movement to "vacuum them up") or if they bud from stationary ER exit sites (thereby requiring Golgi stop-and-go movement to these sites).
The results of photobleaching experiments raise several questions concerning the nature of the residence time of membrane-bound proteins in the Golgi. Photobleaching induces the loss of fluorochrome activity but not the physical elimination of protein in the bleached organelle. Our fluorescence recovery after photocbleaching experiments suggest that proteins move continuously toward the Golgi. To maintain steady state fluorescence levels, there must be an equal continual loss of protein from the organelle, assuming that chimeric protein levels in the Golgi had reached a steady state at the start of each experiment. The protein loss could occur by retrograde membrane protein movement back toward the ER (i.e., recycling of Golgi components) and/or the loss of protein to other cellular destinations, such as the plasma membrane or the tonoplast. At this time, we cannot discriminate the two variants of the model (i.e., retrograde transport or outward transport). At the fluorescence level, we have not seen labeling of the plasma membrane or the vacuole. This movement cannot be excluded, however, considering that GFP may be degraded at the plasma membrane (Batoko et al., 2000) or the vacuole (Di Sansebastiano et al., 2001) . Therefore, GFP accumulation may not be detected in these areas.
Recently, it was suggested that in mammalian cells, most of the Golgi machinery does recycle constitutively through the ER (Miles et al., 2001; Ward et al., 2001) . One feature of this process must be the inability of transferases to function while in transient residence in the ER. In plants, it has been shown that HDEL/KDEL-containing glycoproteins remain endoglycosidase-H sensitive unless cells are treated with BFA (Frigerio et al., 2001; Saint-Jore et al., 2002) . If proteins of the plant Golgi recycle to the ER, then the transferases must be either inactive or in residence for too short a time to function, or perhaps they recycle directly from export sites without mixing with lumenal proteins.
A final but less likely alternative explanation for such a rapid reestablishment of fluorescent proteins in the Golgi could be the possible degradation of proteins in the Golgi. However, we exclude this hypothesis on the basis that ST-GFP can reestablish Golgi fluorescence after BFA removal in the presence of protein synthesis inhibitors (Saint-Jore et al., 2002) . This observation is not in agreement with a rapid degradation of the construct in the Golgi.
Energy and Protein Requirement to Accomplish Anterograde Transport of Membrane Proteins
It is assumed generally that soluble cargoes move from the ER to the Golgi in COPII-coated vesicles (Barlowe et al., 1994) , and biochemical evidence has been presented recently in support of this mechanism in plants (Phillipson et al., 2001 ). However, some indication of COPII-independent transport in plants has been reported (Hara-Nishimura et al., 1998; Chrispeels and Herman, 2000; Toyooka et al., 2000; Törmäkangas et al., 2001) . ER-to-Golgi transport of membrane proteins, such as ST-GFP and AtERD2-GFP, secretory, and vacuole-targeted forms of GFP, is compromised by the expression of nonfunctional Sar1p and AtRab1 mutants (Andreeva et al., 2000 , Batoko et al., 2000 , Takeuchi et al., 2000 , Phillipson et al., 2001 ). Thus, in vivo evidence supports the idea that the COPII machinery, but not necessarily COPII vesicles, may be a prerequisite for exit from the ER.
The close spatial relationship between the ER and the Golgi in the leaf system raises the question of exactly how protein transport between the two organelles occurs. To determine the role of vesicle-related transport machinery, we performed photobleaching experiments to measure AtERD2-GFP and ST-GFP cycling in and out of Golgi structures in the presence of energy depletors or upon NEM treatment. Under conditions of energy depletion, as may be expected for a cytoskeletal motor-based system, the Golgi stacks stopped moving, but they regained motility when the energy depletors were removed. Similarly, transport from the ER to the Golgi depends on the availability of ATP, because photobleaching of Golgi bodies was not followed by the recovery of fluorescence. ATP may be required for a fundamental step in the transport process, such as the production of GTP for the putative GTPases involved in transport or for myosin motors, which could be involved in vesicle tethering and cargo delivery. Similarly, inhibition of the recovery of Golgi fluorescence after photobleaching AtERD2-GFP by NEM indicates some role of regulatory and or structural proteins in the process that presumably has an energy requirement.
BFA Restricts Anterograde Movement
In plants as in mammalian cells, it is well accepted that BFA inhibits secretion (Wood et al., 1991; Gomez and Chrispeels, 1993; Schindler et al., 1994; Boevink et al., 1999) . In tobacco leaves, the fluorescence of Golgi bodies labeled with ST-GFP and AtERD2-GFP is redistributed into the ER in the presence of BFA (Boevink et al., 1998; SaintJore et al., 2002) . A similar phenomenon has been reported in BY2 cells (Ritzenthaler et al., 2002; Saint-Jore et al., 2002) , and it has been shown that this process is reversible and not dependent on the cytoskeleton (Saint-Jore et al., 2002) . BFA also has been shown to induce the formation of vesicular "BFA compartments," as observed by electron microscopy (Satiat-Jeunemaitre et al., 1996a), large fluorescent aggregates in GFP-expressing systems (Baldwin et al., 2001) , and ER-Golgi hybrid stacks (Ritzenthaler et al., 2002) .
In animal cells, a structural disruption of Golgi integrity occurs upon BFA treatment, causing extensive tubulation and redistribution of Golgi membrane (Lippincott-Schwartz et al., 1990 ) and most other protein components (Ward et al., 2001 ) to the ER. However, it has been suggested that protein components of the Golgi, which constitute the matrix and structural scaffold of this organelle, may remain in the cytoplasm (Seemann et al., 2000) . The exact mechanism by which secretion is inhibited in plants is unknown, causing considerable controversy about the sites of action of BFA, which could be linked to the hypothesized multiple BFA binding sites in plant cells (Staehelin and Driouich, 1997) . However, it is clear that one initial effect in BY2 cells is the loss of ARF1 and ␥COP from the Golgi, presumably inhibiting the formation of Golgi-associated COPI vesicles, as in mammalian cells, before the formation of an ER-Golgi hybrid compartment (Ritzenthaler et al., 2002) . Thus, it is possible that secretion stops as the Golgi membranes disappear after incorporation into the ER, although other mechanisms cannot be excluded, such as an interruption of ER-to-Golgi transport.
To investigate the effect of BFA on ER/Golgi trafficking in plant cells in vivo, we selectively bleached Golgi stacks labeled with YFP and followed the integrity of the membranes by simultaneous observation of a similar CFP construct labeling the same stack. When AtERD2-YFP or ST-YFP was bleached in the presence of BFA after 10 min of treatment, but before the redistribution of fluorescence into the ER, no recovery of fluorescence was observed in 50% (ST-YFP) and 40% (AtERD2-YFP) of labeled stacks. During the recovery period, the CFP signal indicated that photobleaching does not damage the Golgi at the resolution offered by confocal imaging. Moreover, the double-expression results indicate that BFA treatment can inhibit forward transport to the Golgi before a detectable (within the limits of light microscopy) morphological change in the Golgi and Golgi membrane reabsorption into the ER can occur.
Rapid loss of the COPI coat from Golgi membranes as a result of BFA inhibition of the ARF1 guanine nucleotide exchange factor (Robineau et al., 2000; Ritzenthaler et al., 2002) provides a reasonable explanation for how forward trafficking could be affected by BFA. In mammalian cells, BFA treatment has been shown to prevent Golgi enzymes and soluble cargo from being recruited to ER exit sites, even though the Sar1-COPII system remains operational at these sites (Ward et al., 2001) . This finding has led to the proposal that the sequential activity of the Sar1-COPII and ARF1-coatomer systems serves to form and maintain Golgi structures, whose components circulate continuously through the ER (Ward et al., 2001) . In this view, ARF1-coatomer is required for forward trafficking out of the ER because of its role in differentiating ER exit domains formed by the Sar1-COPII system. Without the joint activities of both Sar1-COPII and ARF1-coatomer, forward trafficking into the Golgi cannot occur. Our finding in plant cells that BFA blocks the transport of AtERD2-GFP and ST-GFP to the Golgi provides important support for this model.
On the Relationship between the ER and the Golgi
Based on the results reported above, the Golgi and the adjacent ER appear to serve as mobile functional secretory units in leaf cells, with both the Golgi and its associated ER undergoing continuous membrane cycling. The actin-based movement of these secretory units presumably would ensure that plant cells deliver cargo efficiently to diverse locations within the cell. How such differentiated ER-Golgi membrane units arise and are maintained in leaves is an important area for future investigation. In mammalian cells, similarly appearing Golgi ministacks in close association with transitional ER exit sites (Cole et al., 1996) arise in cells treated with nocodazole to disrupt microtubules.
The basis for the formation of Golgi ministacks in mammalian cells is that microtubule disruption inhibits the movement of pre-Golgi structures into the Golgi region . Redistribution of the Golgi membrane occurs under these conditions because Golgi components undergo continuous cycling through the ER (Storrie and Yang, 1998; Zaal et al., 1999; Ward et al., 2001 ) and reform Golgi structure at any site where membrane transport is inhibited or blocked (Cole et al., 1996) . In leaves, Golgi membranes do not interact with microtubules. Disassembly of the actin cytoskeleton does not impair the rapid cycling of proteins in and out of the Golgi or the integrity of the stacks and does not induce the detachment of Golgi bodies from the ER. Whether this remarkable similarity between plant Golgi and mammalian ministacks reflects an underlying homology between mechanisms for stack formation and integrity has yet to be determined.
COPII machinery, which mediates ER export (Barlowe et al., 1994) , has been shown in plants to be required for the ER-to-Golgi transport of membrane proteins, such as ST-GFP and AtERD2-GFP, secretory, and vacuole-targeted forms of GFP (Andreeva et al., 2000 , Batoko et al., 2000 , Takeuchi et al., 2000 . Because this machinery is highly enriched in the ER domains in the vicinity of Golgi ministacks in microtubule-disrupted mammalian cells (Ward et al., 2001) , COPII also might be enriched in the ER domains adjacent to Golgi stacks in plants. We are testing this hypothesis in our laboratory at present.
In conclusion, we have found that in tobacco leaves, Golgi bodies appear to be associated intimately with the cortical ER (Boevink et al., 1998) . This is the case as well in other species, such as Arabidopsis (C.M. Saint-Jore, I. Moore, and C. Hawes, unpublished data). On the basis of transmission electron microscopy analysis, it appears that direct connections of the Golgi with the ER may exist (Figure  3) , as reported previously in other systems (Juniper et al., 1982; Harris and Oparka, 1983) , although at present we cannot establish whether these connections are permanent or transient. Our results from photobleaching experiments, which allowed us to study protein trafficking between the ER and the Golgi, have revealed that despite the apparent continuity between these organelles, protein transfer between them is dependent on BFA-and NEM-sensitive factors and is energy dependent. These findings, together with others in the plant field showing roles of Rab1p, Sar1p, and Sec12p (Batoko et al., 2000; Takeuchi et al., 2000; Phillipson et al., 2001) in protein traffic, implies that the same machinery that regulates secretory trafficking in animal cells is used in plant cells. Future work in this field likely will be aimed at understanding the basis for the unique features of the plant ER-Golgi system, including its rapid movement along actin cables and its relationship to ER remodeling.
METHODS
Molecular Cloning
Standard molecular techniques were used as described in Sambrook et al. (1989) . For Agrobacterium tumefaciens transient expression, we used the binary vector pVKH18-EN6 (Batoko et al., 2000) . To generate the ST-YFP, ST-CFP, AtERD2-YFP, and AtERD2-CFP constructs, mGFP5 (Haseloff et al., 1997) of the pVKH18-EN6::ST-GFP and pVKH18-EN6::AtERD2-GFP constructs (SaintJore et al., 2002) was substituted for by the enhanced yellow fluorescent protein (YFP) and cyan fluorescent protein (CFP) sequences from Clontech (Palo Alto, CA), using the unique SalI and SacI sites at the 5Ј and 3Ј ends of GFP5, respectively. The actin binding domain of mouse talin (Kost et al., 1998) was amplified by reverse transcriptase from total RNA using primer FB144 (5Ј-TTAGTGCTCGTCTCG-AAGCTCTG-3Ј). The product then was amplified by PCR using TaqVent polymerase (New England Biolabs, Hitchin, UK) with primer FB144 in combination with FB143 (5Ј-CAAATCCTAGAAGCTGCC-AAGTCC-3Ј).
The resulting product then was reamplified using the Taq/Pwo polymerase (Hybaid, Ashford, UK) with primer FB150 (5Ј-GGT-GCTGGATCCGGTGCCGGCGCTGGCATCCTAGAAGCTGCCAAG-TCCATCGC-3Ј) containing a BamHI site and three Gly and two Ala residues before the coding region of the protein and primer FB146 (5Ј-GCGCCGGAGCTCTTAGTGCTCGTCTCGAAGCTCTG-3Ј) containing a SacI site and a stop codon. The PCR product then was cloned in frame downstream of GFP5 into a pVKH18-EN6 binary vector. The resulting fusion protein contained a spacer between the green fluorescent protein (GFP) and the cloned actin binding site of the mouse talin consisting of the following amino acids: GAG-SGAGAG.
Plant Material and Transient Expression Systems
Four-week-old tobacco (Nicotiana tabacum SR1 cv Petit Havana) greenhouse plants grown at 21ЊC were used for Agrobacteriummediated transient expression (Batoko et al., 2000) . Briefly, each expression vector was introduced into Agrobacterium strain GV3101 (pMP90) by heat shock. A single colony from the transformants was inoculated into 5 mL of YEB medium (per liter: 5 g of beef extract, 1 g of yeast extract, 5 g of Suc, and 0.5 g of MgSO 4 ·7H 2 O) supplemented with 100 g/mL kanamycin. The bacterial culture was incubated at 30ЊC with agitation for 20 h. One milliliter of bacterial culture then was pelleted in an Eppendorf tube by centrifugation at 2200g for 5 min at room temperature. The pellet was washed once with 1 mL of infiltration medium (50 mM Mes, 2 mM Na 3 PO 4 ·12H 2 O, 1 mM acetosyringone, and 5 mg/mL Glc) and then resuspended in 1 mL of the same buffer. For experiments requiring coexpression of two different constructs, 0.5 mL of each bacterial culture was mixed before washing in infiltration medium.
The bacterial suspension was inoculated using a 1-mL syringe without a needle by gentle pressure through the stomata on the lower epidermal surface. Transformed plants then were incubated under normal growth conditions. Where indicated, the expression system of Potato virus X was used to transform Nicotiana clevelandii plants as described previously (Boevink et al., 1998) .
Drug Treatments
Segments of transformed leaves ‫5ف(‬ mm 2 ) were used for drug treatment, confocal imaging, and analysis. For actin depolymerization, leaf tissue was submerged in 25 M latrunculin B (Calbiochem; stock solution, 10 mM in DMSO) for 1 h. Alternatively, 20 g/mL cytochalasin D (Sigma-Aldrich; stock solution, 1 mg/mL in DMSO) was used for at least 30 min.
For microtubule depolymerization, leaf tissue was submerged in 1 mM colchicine (Sigma-Aldrich; stock solution, 100 mM in H 2 O) for at least 30 min. After 30 min of treatment, tubulin-GFP fluorescence already was distributed in the cytoplasm. For actin and microtubule cytoskeleton depolymerization, leaf tissue was submerged in latrunculin B (25 M) for 30 min. This was followed by treatment with a solution containing both latrunculin (25 M) and colchicine (1 mM) for another 30 min before mounting the sample in this last solution for confocal analysis.
The protein cross-linker N-ethylmaleimide (Sigma-Aldrich; stock solution, 1 M in DMSO) was used at a concentration of 20 to 50 mM for at least 10 min before analysis. Brefeldin A (BFA) (Sigma-Aldrich; stock solution, 10 mg/mL in DMSO) was used at a concentration of 100 g/mL. In our experience, this concentration is suitable to achieve a rapid reabsorption of most of the Golgi bodies into the endoplasmic reticulum in leaf epidermal cells. To follow BFA's effect on Golgi reabsorption to the endoplasmic reticulum, leaf tissue was dipped in BFA for 10 min and then mounted on a microscope slide for confocal observations.
For photobleaching experiments with BFA, segments of tissue were pretreated for 1 h with latrunculin B (or for 30 min with 20 g/mL cytochalasin D) as described above to stop Golgi movement. Leaf segments then were immersed in a solution containing 25 M latrunculin B (or 20 g/mL cytochalasin D) and 100 g/mL BFA. After 10 min, samples were mounted on a slide for selective photobleaching experiments. These were performed within 1 h of the addition of BFA.
For energy-depletion experiments, leaf tissue was submerged for at least 40 min in a solution containing both 50 mM 2-deoxyglucose (Sigma-Aldrich; stock solution, 1 M in H 2 O) and 0.02% sodium azide (Sigma-Aldrich; stock solution, 2% in H 2 O). To achieve recovery from ATP depletors, three washes of 5 min each were performed, submerging the tissue in H 2 O. This was followed by the immersion of the tissue in 50 mM Glc for 1 h (British Drug House; stock solution, 1 M in H 2 O).
All stock solutions were kept at Ϫ20ЊC, and working solutions were prepared fresh just before use. For analysis and observation at the microscope, samples were mounted on a slide with the solution in which they were last treated. When drugs were not used, segments of tissue were mounted in water.
Sampling and Imaging
Transformed leaves were analyzed at 72 h after infection of lower epidermal cells. Confocal imaging was performed using an inverted Zeiss LSM 510 laser scanning microscope and a ϫ40 oil immersion objective (Jena, Germany).
For imaging expression of GFP constructs, excitation lines of an argon ion laser of 488 nm were used with a 505/530-nm bandpass filter in the single-track facility of the microscope. For imaging coexpression of YFP and GFP constructs, excitation lines of an argon ion laser of 458 nm for GFP and 514 nm for YFP were used alternately with line switching using the multi-track facility of the microscope. Fluorescence was detected using a 458/514-nm dichroic beam splitter and a 475/525-nm bandpass filter for GFP and a 560/615-nm bandpass filter for YFP.
For imaging coexpression of CFP and YFP constructs, excitation lines of an argon ion laser of 458 nm for CFP and 514 nm for YFP were used alternately with line switching using the multi-track facility of the microscope. Fluorescence was detected using a 458/514-nm dichroic beam splitter with 570-nm and 515-nm dichroic filters and a 475-to 525-nm bandpass filter for CFP and a 530-590IR nm bandpass filter for YFP. In this way, any cross-talk and bleed-through of fluorescence were eliminated. Time-lapse scanning was performed with Zeiss LSM 510 imaging system software. Postacquisition image processing was with the LSM 5 Image Browser (Zeiss) and Adobe Photoshop 5.0 software (Mountain View, CA).
Photobleaching Recovery Studies
Spot photobleaching recovery measurements were performed on an inverted Zeiss confocal laser scanning microscope 510. A ϫ40 oil immersion objective lens was used. Zeiss software was used to record prebleach and postbleach signals and to modulate laser beam intensity. For quantification of fluorescence, signals were sampled before bleach treatment (generally, 10 data points) and Ͼ10 min after bleach treatment with low-intensity illumination (generally, 1 to 5% transmittance). Fluorescence of selected regions was bleached by scanning with high-intensity illumination (100% transmittance; Nehls et al., 2000) .
For all experiments, the size of the bleached region of interest was 8.5 m 2 . Imaging conditions for all experiments were determined by experiments performed on AtERD2-GFP-expressing cells fixed with paraformaldehyde to obtain no significant bleaching of the whole cell during the course of the experiment. The half-time (t 1/2 ) was the time required for fluorescence in the photobleached region to recover to 50% of the recovery asymptote. The t 1/2 in fluorescence recovery after photobleaching experiments was determined by scaling the postbleach fluorescence recovery to a 0 to 100% scale with the immediate postbleach intensity being 0% and the asymptote of the recovery being 100%. Time was rescaled with time 0 being equal to the t 1/2 of the photobleach, as described by Ellenberg et al. (1997) . Significance statistics were determined using Student's two-tailed t test for two samples assuming equal variance.
Electron Microscopy
Segments of leaves from N. clevelandii and tobacco plants were fixed in 1% paraformaldehyde and 1% glutaraldehyde in 0.1 M sodium cacodylate buffer for 40 to 60 min and impregnated in a freshly made mixture of zinc iodide and osmium tetroxide (Hawes et al., 1981) , dehydrated in a graded water-ethanol series, and embedded in Spurr's resin. After thin sectioning and contrasting with lead citrate, micrographs were taken with a JEOL 1200EXII transmission electron microscope.
